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At ∼25 km altitude over magnetic anomalies on the Moon, the deceleration of the solar wind ions, acceleration
of the solar wind electrons parallel to the magnetic ﬁeld, and heating of the ions reﬂected by magnetic anomalies
were simultaneously observed by MAP-PACE on Kaguya. Deceleration of the solar wind ions was observed for
two major solar wind ion compositions: protons and alpha particles. Deceleration of the solar wind had the same
E/q (E : deceleration energy, q: charge) for both protons and alpha particles. In addition, the acceleration
energy of the electrons was almost the same as the deceleration energy of the ions. This indicates the existence
of an anti-moonward electric ﬁeld over the magnetic anomaly above the altitude of Kaguya. The reﬂected ions
were observed in a much larger area than the area where magnetic ﬁeld enhancement was observed. These
reﬂected ions had a higher temperature and lower bulk velocity than the incident solar wind ions. This suggests
the existence of a non-adiabatic dissipative interaction between solar wind ions and lunar magnetic anomalies
below Kaguya.
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1. Introduction
It is well-known that the Moon has neither a global in-
trinsic magnetic ﬁeld nor a thick atmosphere. Unlike the
case of the Earth, where the intrinsic global magnetic ﬁeld
prevents the solar wind from penetrating into the magne-
tosphere, the solar wind directly impacts the lunar surface.
Since the discovery of the lunar crustal magnetic ﬁeld in
the 1970s (Sharp et al., 1973; Fuller, 1974; Howe et al.,
1974; Anderson et al., 1975), several studies concerning
the interaction between the solar wind and the lunar mag-
netic anomalies have been made, including numerical sim-
ulations (Harnett and Winglee, 2000, 2002, 2003) and ob-
servations by lunar orbiters. The interaction between the
solar wind and lunar magnetic anomalies was ﬁrst detected
by Explorer 35 as limb shocks (Ness et al., 1968; Colburn,
1971; Criswell, 1973). Using Apollo 15 and 16 subsatel-
lite data, Russell and Lichtenstein (1975) suggested that the
limb compressions are due to the deﬂection of the solar
wind by the lunar surface ﬁeld near the lunar terminators.
MAG/ER on Lunar Prospector found heating of the solar
wind electrons presumably due to the interaction between
the solar wind and the lunar magnetic anomalies and the
existence of the mini-magnetosphere was suggested (Lin et
al., 1998). Using Lunar Prospector MAG data, Kurata et al.
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(2005) found a magnetic ﬁeld signature indicating the pres-
ence of a mini-magnetosphere above the Reiner Gamma
magnetic anomaly region in the solar wind. Halekas et al.
(2006, 2008a) found that limb shocks are clearly associ-
ated with lunar crustal sources by analyzing Lunar Prospec-
tor data. Observation of the possible inner region of a
lunar mini-magnetosphere was reported by Halekas et al.
(2008b). Recently, Wieser et al. (2010) detected mini-
magnetospheres on the lunar surface using energetic neu-
tral atom imager on Chandrayaan-1. Saito et al. (2010) also
found mini-magnetospheres by detecting the deﬁciency of
backscattered solar wind protons at low altitude of ∼50 km
using low energy ion data obtained by Kaguya. Solar wind
ion reﬂection by lunar magnetic anomalies was reported by
Kaguya (Saito et al., 2010) and Chandrayaan-1 (Lue et al.,
2011). Saito et al. (2010) found that more than 10% of the
incident solar wind ions were reﬂected by lunar magnetic
anomalies. Lue et al. (2011) found an average reﬂection
efﬁciency of ∼10% and a maximum reﬂection efﬁciency of
∼50% for the strongest magnetic anomalies. As a reﬂection
mechanism, Lue et al. (2011) suggested the existence of
charge separation. Halekas et al. (2010) also mentioned the
existence of charge separation around the magnetic anoma-
lies. Despite all the efforts to understand the interaction
between the solar wind and lunar magnetic anomalies, the
details of the interaction are still unclear. In this paper, the
ﬁrst simultaneous observation of low energy electrons and
ions over lunar magnetic anomalies are presented in order to
understand the plasma structure over mini-magnetospheres.
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2. Instrumentation
MAgnetic ﬁeld and Plasma experiment-Plasma energy
Angle and Composition Experiment (MAP-PACE) on
Kaguya (Saito et al., 2008a, 2010) completed its ∼1.5
year observation of low energy charged particles around the
Moon. Kaguya (SELENE) was launched on 14 September
2007 by an H2A launch vehicle from Tanegashima Space
Center in Japan (Kato et al., 2010). Kaguya was inserted
into a circular lunar polar orbit of 100 km altitude and con-
tinued observation for nearly 1.5 years until it impacted the
Moon on 10 June 2009. During the last 5 months, the orbit
was lowered to ∼50 km altitude between January 2009 and
April 2009, and some orbits had a lower perilune altitude of
∼10 km after April 2009.
MAP-PACE consisted of four sensors: ESA (Electron
Spectrum Analyzer)-S1, ESA-S2, IMA (Ion Mass Ana-
lyzer), and IEA (Ion Energy Analyzer). Since each sensor
had a hemispherical ﬁeld of view, two electron sensors and
two ion sensors which were installed on the spacecraft pan-
els opposite each other could cover the full 3-dimensional
phase space of low energy electrons and ions. One of the
ion sensors, IMA, was an energy mass spectrometer that
measured mass identiﬁed ion energy spectra (Tanaka et al.,
2009; Yokota et al., 2009).
The Lunar MAGnetometer (MAP-LMAG) was another
component that constituted MAP. MAP-LMAG was a tri-
axial ﬂux gate magnetometer that was equipped at the top
plate of a 12 m long mast to reduce an offset of the inter-
ference magnetic ﬁeld caused by the spacecraft (Shimizu et
al., 2008; Takahashi et al., 2009; Matsushima et al., 2010;
Tsunakawa et al., 2010). LMAG measured the vector mag-
netic ﬁeld with a sampling frequency of 32 Hz and a reso-
lution of 0.1 nT.
3. Observation
Figure 1 shows an example of the electrons and ions over
magnetic anomalies observed at ∼100 km altitude. The
data were obtained between 0710 UT and 0910 UT on 29
May 2008, when the Moon was in the solar wind as shown
in Fig. 1(a). The orbital plane of Kaguya was about 55
deg. apart from the noon-midnight plane. Figure 1(c) and
(d) show electron E-t spectrograms obtained by ESA-S2
(anti-moon looking electron analyzer) and ESA-S1 (moon
looking electron analyzer), respectively. Figure 1(e) is an
E-t spectrogram of the solar wind ions observed by IEA
(anti-moon looking ion analyzer). Alpha particles as well
as protons were observed between 0740 UT and 0840 UT.
Figure 1(f) is an E-t spectrogram of the ions observed by
IMA (moon looking ion analyzer). Since IMA’s hemispher-
ical ﬁeld of view always faces the Moon, it observes solar
wind ions brieﬂy before entering and brieﬂy after exiting
the lunar wake as shown in Fig. 1(b) (satellite positions (2)
and (3)). The intense ions observed by IMA at ∼1 keV/q
between 0710 UT and 0745 UT and between 0835 UT and
0900 UT were solar wind ions. The tenuous ions observed
between 0750 UT and 0815 UT with energy slightly lower
than the solar wind proton energy were solar wind protons
backscattered at the lunar surface (Saito et al., 2008b). The
ions observed between 0745 UT and 0800 UT with lower
energy than the backscattered protons were ions originat-
ing from the lunar surface/lunar exosphere (Yokota et al.,
2009). The ions observed between 0750 UT and 0810 UT
with higher energy than the solar wind protons were ions
pick-up accelerated by the solar wind convection electric
ﬁeld (Saito et al., 2008b). The intense ions observed be-
tween 0815 UT and 0835 UT (indicated by a blue box)
were the ions reﬂected by magnetic anomalies on the lunar
surface. When magnetically reﬂected ions were observed,
Kaguya was at −5 deg. ∼ −70 deg. Latitude, −169.0 deg.
Longitude over the South Pole Aitken region. Enhancement
of the magnetic ﬁeld intensity was observed (see Fig. 1(g))
when magnetically reﬂected ions were observed. This en-
hancement was caused by magnetic anomalies on the lunar
surface since the solar wind IMF measured by ACE (prop-
agation time corrected; see Fig. 1(i)) showed no enhance-
ment. The ﬂux of the magnetically reﬂected solar wind ions
was much higher than that of the backscattered solar wind
protons. When magnetically reﬂected ions were observed,
the electrons were often heated and the incident solar wind
ions were sometimes slightly decelerated.
Figure 2 compares the TOF (Time Of Flight) proﬁle of
the three different ion populations: solar wind ions, mag-
netically reﬂected ions, and ions backscattered at the lunar
surface. Figure 2(c), (d), and (e) show Energy/charge-TOF
spectrograms below the time of ﬂight of 100 nsec. Since
IMA is an LEF (Linear Electric Field) TOF mass spectrom-
eter (Yokota et al., 2005), incident ions are converted to
positively charged particles, negatively charged particles or
neutral particles when they pass through the thin carbon foil
inside the analyzer. The charge state of the detected (after
passing through the carbon foil) particles is also indicated in
the ﬁgure. Figure 2(f), (g), and (h) show energy integrated
TOF proﬁles. Figure 2(i), (j) and (k) focus on the low count
part of the energy integrated TOF proﬁles (indicated by a
blue box in Fig. 2(f), (g), and (h)) in order to show the al-
pha particles clearly. The mass proﬁles of the solar wind
(Fig. 2(e), (h), and (k)) show both protons and alpha parti-
cles as major and second major components. On the other
hand, the mass proﬁles of the ions backscattered at the lu-
nar surface (Fig. 2(c), (f), and (i)) show only protons as al-
ready reported by Saito et al. (2008b). It is expected that
alpha particles as well as protons are observed as magneti-
cally reﬂected ions if the magnetic mirror reﬂection is ideal.
Indeed alpha particles were observed as shown in Fig. 2(d).
However, the energy of the alpha particles is lower than that
of the alpha particles in the solar wind shown in Fig. 2(e).
In addition, the simultaneously measured magnetically re-
ﬂected protons show a much higher temperature than that
of the incident solar wind protons.
Figure 3 shows an example of the magnetically reﬂected
solar wind ions (indicated by a blue box) observed at
∼25 km altitude. The format of the ﬁgure is the same as
Fig. 1. The signature of a magnetic anomaly was observed
by magnetometer at 0750 UT when Kaguya was at −26.4
deg. Latitude, 177.7 deg. Longitude over the South Pole
Aitken region (see Fig. 3(g)). At ∼25 km altitude, the inter-
action between the solar wind ions and the lunar magnetic
anomalies was remarkable, with a clear deceleration of the
incident solar wind ions (see Fig. 3(e)) and heating of the
reﬂected ions (see Fig. 3(f)) as well as acceleration of the
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Fig. 1. Electrons and ions over magnetic anomalies observed at ∼100 km altitude. Magnetically reﬂected solar wind ions were observed by IMA
when Kaguya ﬂew over magnetic anomalies during the time period indicated by a blue box. (a) Position of the Moon in the GSE coordinate system.
Nominal magnetopause and bow shock boundary positions are also shown. (b) Field of view conﬁguration of MAP-PACE sensors. Magnetically
reﬂected ions were observed at satellite positions. (1), (2), and (3) indicate the positions where Moon-facing sensors observed solar wind. (c)–(f)
Omni-directional E-t spectrograms from the PACE sensors. (g) Magnetic ﬁeld intensity and altitude of Kaguya. (h) Magnetic ﬁeld direction in GSE
polar coordinates. (i) Solar wind IMF measured by ACE shifted by 50 minutes taking into account the propagation time. (j) Solar zenith angle of
Kaguya. (k) Latitudinal/longitudinal position of Kaguya in the Mean Earth/Polar Axis (ME) coordinate system and the Selenocentric Soar Ecliptic
(SSE) coordinate system.
electrons (see Fig. 3(c) and (d)). It is clear that the decel-
eration of the solar wind ions was observed for both two
major solar wind ion compositions: protons and alpha par-
ticles. It is also clear that the reﬂected ions were observed
over a much larger area than the area where a strong mag-
netic ﬁeld and solar wind ion deceleration were observed.
Before encountering the magnetic anomaly, the solar wind
bulk ﬂow direction was nearly parallel to the magnetic ﬁeld.
Over the magnetic anomaly, the angle between the solar
wind bulk ﬂow and the magnetic ﬁeld became 60◦∼90◦,
which shows a solar wind magnetic ﬁeld pile-up over the
magnetic anomaly.
Figure 4 shows E-t spectrograms of electrons (Fig. 4(b))
and ions (Fig. 4(c)) focusing on the period when ion
deceleration and electron acceleration were observed.
Figure 4(a) shows the pitch angle distribution of electrons
86 Y. SAITO et al.: ELECTRON ACCELERATION AND ION DECELERATION OVER LUNAR MAGNETIC ANOMALIES
Fig. 2. Time Of Flight (TOF) proﬁles of the solar wind ions, magnetically reﬂected ions, and ions backscattered at the lunar surface. (a) E-t spectrogram
of the ions from the Moon observed by IMA. (b) Magnetic ﬁeld intensity and altitude of Kaguya. (c)–(e) Energy/charge-TOF spectrograms below
the time of ﬂight of 100 nsec. (f)–(h) Energy integrated TOF proﬁle. (i)–(k) Low count part of the energy integrated TOF proﬁle. Charge state of the
detected particles is indicated in parentheses in panels (c)–(k).
integrated over the observed energy range. The pitch angle
0 deg. is the parallel direction toward the Moon. The accel-
erated electrons were heated and had mostly parallel veloc-
ity toward the Moon surface. The deceleration of the ions
was observed simultaneously with the electron acceleration
and the deceleration was clearly observed for both protons
and alpha particles. In order to investigate the energy rela-
tion of the deceleration/acceleration of the ions/electrons in
detail, energy spectra of the electrons/ions before and after
acceleration/deceleration are compared. The selected pe-
riod is indicated by blue and orange arrows in Fig. 4(b, c).
Figure 5(a) shows electron energy spectra before (blue
line) and after (orange line) the acceleration. Compar-
ing them, we can see that the electrons are accelerated by
∼+150 eV/q. In Fig. 5(c), the number ﬂux of electrons be-
fore acceleration is shifted by +150 eV/q. The shifted line
corresponds well with the number ﬂux of electrons after ac-
celeration. We can also see that the accelerated electrons
are heated, compared with the electrons before accelera-
tion. Figure 5(b) shows the ion energy spectra before (blue
line) and after (orange line) the deceleration. Since the en-
ergy spectra have two peaks corresponding to protons and
alpha particles, the deceleration of protons and alpha par-
ticles can be calculated separately. We can see that both
protons and alpha particles are decelerated by ∼150 eV/q.
In Fig. 5(d), the number ﬂux of ions before deceleration is
shifted by −150 eV/q. The shifted line corresponds well
with the number ﬂux of ions after deceleration. Simulta-
neously with the deceleration, protons and alpha particles
were slightly heated since the separation between the two
peaks became less clear. The deceleration of the solar wind
had the same E/q (E : deceleration energy, q: charge)
for protons and alpha particles, and it was nearly the same
as the acceleration of the solar wind electrons E . This
indicates the existence of a static electric ﬁeld over the day-
side magnetic anomaly above the Kaguya altitude.
Figure 6 shows the velocity moments of electrons and
ions during the same time interval as shown in Fig. 3. The
density of ions from the Moon observed by IMA is shown
by a red line while the solar wind ion density observed by
IEA and the electron density observed by ESA are shown
by blue and green lines in Fig. 6(a). The density enhance-
ment of the ions from the Moon observed between 0700 UT
and 0720 UT and between 0805 UT and 0815 UT were sig-
natures of solar wind ions since the moon-looking ion an-
alyzer IMA observed the solar wind before and after stay-
ing in the lunar wake. A density enhancement caused by
magnetically reﬂected ions was observed around 0750 UT.
We can see that the density of the magnetically reﬂected
ions sometimes reaches as high as ∼50% of the incident
solar wind ion density. Figure 6(b)–(d) focuses on the time
period when Kaguya ﬂew over a magnetic anomaly. En-
hancement of the magnetic ﬁeld intensity can be seen in
Fig. 6(b). We can see that reﬂected ions were observed over
a much larger area than the magnetic anomaly region (see
Fig. 6(c)). Figure 6(d) compares the incident solar wind
bulk velocity and the bulk velocity of the reﬂected ions. It
is clear that the reﬂected ions had a lower bulk velocity than
the incident solar wind ions. The reﬂected ion temperature
was higher than the incident solar wind ions as we can see
in Fig. 6(b). This suggests that some heating mechanism
of ions existed at the lower altitude than Kaguya. The tem-
perature of the electrons was also enhanced when reﬂected
ions were observed.
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Fig. 3. Electrons and ions over magnetic anomalies observed at ∼25 km altitude. Format is the same as Fig. 1. The propagation time of the solar
wind IMF measured by ACE shown in Panel (i) is 43 minutes. Magnetically reﬂected solar wind ions were observed by IMA when Kaguya ﬂew over
magnetic anomalies during the time period indicated by a blue box.
4. Discussion
The data obtained by MAP-PACE at ∼25 km altitude
over lunar magnetic anomalies clearly showed acceleration
of the electrons and deceleration of the ions. In terms of
the “mini-magnetosphere,” the region where electron ac-
celeration and ion deceleration were observed was above
(outside) the “mini-magnetosphere” since the incident so-
lar wind still had a high density and high velocity toward
the Moon. Deceleration of the solar wind had the same
E/q for protons and alpha particles, and it was nearly
the same as the acceleration of the solar wind electrons
E . This indicates the existence of a static anti-moonward
electric ﬁeld over the magnetic anomaly above Kaguya at
∼25 km altitude. The existence of an anti-moonward elec-
tric ﬁeld over the magnetic anomalies was suggested by
Halekas et al. (2010) and Lue et al. (2011) based on the Lu-
nar Prospector low energy electron measurements and the
Chandrayaan-1 low energy ion measurements, respectively.
We have proved the existence of a static anti-moonward
electric ﬁeld by simultaneous measurements of low energy
electrons and ions. Simultaneously with the decelerated in-
cident solar wind ions, a signiﬁcant amount of reﬂected ions
were observed. The reﬂected ions were observed over a
much larger area than the magnetic anomaly region. Since
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Fig. 4. Electron acceleration and ion deceleration observed over a magnetic anomaly. (a) Pitch angle distribution of electrons. Pitch angle 0 deg. is
the parallel direction toward the Moon. (b) (c) E-t spectrograms of electrons and ions in the period when ion deceleration and electron acceleration
were observed. Blue and orange arrows show before and after acceleration/deceleration, respectively. (d) Magnetic ﬁeld intensity and the altitude of
Kaguya.
Fig. 5. Energy spectra of the electrons/ions before and after acceleration/deceleration. (a) Number ﬂux of electrons before (0748:16 UT) and after
(0750:08 UT) acceleration. (b) Number ﬂux of ions before (0748:16 UT) and after (0750:08 UT) deceleration. (c) Number ﬂux of electrons before
acceleration is shifted by +150 eV/q. (d) Number ﬂux of ions before deceleration is shifted by −150 eV/q. The shifted lines of (c) and (d) correspond
well with the number ﬂuxes of electrons/ions after acceleration/deceleration.
the gyro-radius of the incident solar wind ions below the
altitude of Kaguya was comparable or larger than the size
of the small magnetic anomalies on the lunar surface, and
the variation of the magnetic ﬁeld intensity along the ion
trajectory was quite large, the reﬂection of the ions was
non-adiabatic. The reason why reﬂected ions were observed
over a much larger area than the magnetic anomaly region
can be explained by the non-adiabatic scattering motion of
the reﬂected ions. Although the decelerated incident so-
lar wind ions were slightly heated, the ions reﬂected back
at the lower altitude were much more heated. Some heat-
ing mechanism of ions should exist at lower altitude than
Kaguya. Figure 7 schematically summarizes the measured
plasma features over a magnetic anomaly.
The electron acceleration and ion deceleration over the
magnetic anomalies were observed for almost all the en-
counters with magnetic anomalies at ∼25 km altitude. We
have investigated the acceleration energy of the electrons
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Fig. 6. Velocity moments during the same time interval as in Fig. 3. (a) Density of the ions from the Moon observed by IMA, density of the ions to
the Moon observed by IEA and density of the electrons observed by ESA. (b) Magnetic ﬁeld intensity, electron temperature observed by ESA, solar
wind ion temperature observed by IEA and reﬂected ion temperature observed by IMA. (c) Solar wind ion density and reﬂected ion density. (d) Solar
wind ion velocity and reﬂected ion velocity.
Fig. 7. A schematic ﬁgure showing the plasma structure over a magnetic anomaly.
and the deceleration energy of the ions for 13 examples
obtained on 23 April 2009 when the perilune altitude was
25 km over the South Pole Aitken region on the dayside
of the Moon. Figure 8 shows the result. The acceleration
energy of the electrons and the deceleration energy of the
ions have a positive correlation. Assuming that the elec-
tron acceleration (Eeacc) and ion deceleration (Eidec) are
proportional to each other, we have obtained the relation
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Fig. 8. Relation between acceleration energy of electrons (Eeacc) and deceleration energy of protons (Eidec) over magnetic anomalies. Thirteen examples
were obtained on 23 April 2009 when the perilune altitude of Kaguya was 25 km over the South Pole Aitken region on the dayside of the Moon. The
regression line on the ﬁgure is Eidec = 0.98Eeacc. The correlation coefﬁcient is 0.965.
Fig. 9. Relation between electron acceleration energy and B2/n for the same 13 examples shown in Fig. 8. There is a correlation coefﬁcient of 0.798
between the electron acceleration energy and B2/n.
Eidec = 0.98Eeacc with a high correlation coefﬁcient of
0.965. Therefore we can say that the electron accelera-
tion energy and the ion deceleration energy correspond with
each other.
The size of the lunar magnetic anomaly shown in Fig. 4
over which the electron acceleration and ion deceleration
were observed was comparable to or smaller than the ion
inertial length. The size of the magnetic anomaly can be
calculated as ∼100 km by multiplying the orbital speed
of ∼1.6 km/s and the detected period of ∼60 s while the
ion inertial length was ∼115 km since the ion density was
∼4 cm−3. If the electric ﬁeld over the magnetic anomaly is
generated by the decoupling of the motions of the ions and
electrons on ion inertial length scales, Hall-MHD is appli-
cable and the following relation should be satisﬁed. Assum-
ing inﬁnite plasma conductivity, the generalized Ohm’s law
can be written as
E = −Vi × B + 1
nee
J × B − 1
nee
∇Pe (1)
= −Vi × B + 1
μ0nee
(∇ × B) × B − 1
nee
∇Pe (2)
where E is the electric ﬁeld vector, Vi is the ion velocity
vector, B is the magnetic ﬁeld vector, J is the current density
vector, Pe is the electron pressure, ne is the electron density,
e is the elementary charge, and μ0 is the vacuum magnetic
permeability. When the magnetic ﬁeld is piled-up as the
solar wind approaches the magnetic anomaly on the lunar
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surface (in other words, when the solar wind is not parallel
to IMF), the Hall term in (2): 1
μ0nee
(∇ × B) × B is the anti-
moonward electric ﬁeld over the magnetic anomaly. There-
fore En ∝ B2/nL , where En is the anti-moonward electric
ﬁeld intensity, B is the magnetic ﬁeld, n is the density, and
L is the scale size of the magnetic anomaly. Since L is
the scale size of the magnetic anomaly, EnL corresponds
to the potential drop over the magnetic anomaly. Figure 9
shows the relation between the electron acceleration energy
and B2/n. The peak magnetic ﬁeld intensity observed by
LMAG is used for B while the solar wind plasma density
observed by PACE is used for n. Although the data points
scatter, there exists a positive correlation between the elec-
tron acceleration energy and B2/n with a correlation co-
efﬁcient of 0.798. Since there exists a positive correlation
between EnL and B2/n, as predicted by Hall-MHD, the
electric ﬁeld over the magnetic anomaly is consistent with
the electric ﬁeld generated by the decoupling of the motions
of the ions and the electrons on ion inertial length scales.
While the ions are mostly decelerated by the perpendicular
electric ﬁeld, the electrons are accelerated by the associ-
ated parallel electric ﬁeld. In the one-dimensional picture
(electric ﬁeld normal to the surface that varies along the al-
titude) developed here, the electric ﬁeld is electrostatic and
the potential drop along a ﬁeld line should agree with that
along the solar wind direction. In the traditional framework
denoted by (2), the parallel E-ﬁeld is sustained by the elec-
tron pressure gradient. Some velocity-space-relaxation pro-
cesses are needed to make the assumption fully valid. The
lack of such processes makes the beam features remain in
the electron distribution function (see Fig. 4) and enables us
to infer the origin of the electric ﬁeld structure.
Here one should note that the discussion here applies to
the origin of the electric ﬁeld above the Kaguya altitude
where the bulk ﬂow deceleration of the solar wind and the
associated piling-up of the magnetic ﬁeld is the dominat-
ing process. Closer to the lunar surface, the particle nature
of the ions and electrons will be more important for under-
standing the plasma structure around the magnetic anoma-
lies.
When the solar wind plasma collides with a lunar mag-
netic anomaly, the magnetic anomaly is compressed by the
solar wind plasma and the solar wind will impact the lunar
surface if the magnetic energy of the magnetic anomaly is
lower than the energy of the solar wind plasma bulk motion.
In case of the solar wind plasma shown in Fig. 6, the inten-
sity of the magnetic ﬁeld that can stand off the solar wind
plasma bulk motion (with bulk velocity of 350 km/s and
density of 4.0 cm−3) is calculated as 45 nT. The measured
magnetic ﬁeld intensity at Kaguya was 16 nT. It is possi-
ble that the magnetic ﬁeld between Kaguya and the lunar
surface is stronger than 45 nT and the solar wind plasmas
are reﬂected back, though this depends on the location and
structure of the source of the magnetic anomaly. In addition
to the reﬂection by magnetic ﬁeld, the anti-moonward elec-
tric ﬁeld over magnetic anomalies will assist ion reﬂection.
Although the plasma structure over lunar magnetic
anomalies has become clear due to this simultaneous ob-
servation of low energy electrons and ions, it has turned out
that there exists an additional interaction region where the
incident ions are signiﬁcantly heated at a lower altitude than
Kaguya at ∼25 km altitude. In order to fully understand the
MAP-PACE observations over magnetic anomalies, future
hybrid or full particle simulations are indispensable.
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